Chestnut blight is a devastating disease of Castanea spp. Mycoviruses that reduce virulence (hypovirulence) of the causative agent, Cryphonectria parasitica, can be used to manage chestnut blight. However, vegetative incompatibility (vic) barriers that restrict anastomosis-mediated virus transmission hamper hypovirulence efficacy. In order to effectively determine the vegetative incompatibility genetic structure of C. parasitica field populations, we have designed PCR primer sets that selectively amplify and distinguish alleles for each of the six known diallelic C. parasitica vic genetic loci. PCR assay results were validated using a panel of 64 European tester strains with genetically determined vic genotypes. Analysis of 116 C. parasitica isolates collected from five locations in the eastern United States revealed 39 unique vic genotypes and generally good agreement between PCR and tester strain coculturing assays in terms of vic diversity and genotyping. However, incongruences were observed for isolates from multiple locations and suggested that the coculturing assay can overestimate diversity at the six known vic loci. The availability of molecular tools for rapid and precise vic genotyping significantly improves the ability to predict and evaluate the efficacy of hypovirulence and related management strategies.
C
hestnut blight of American chestnut (Castanea dentata), caused by the invasive fungal pathogen Cryphonectria parasitica, is recognized as one of the most destructive forest diseases in U.S. history. Chestnut blight killed nearly all American chestnut stems throughout its 3.6 million hectare continuous range in the eastern United States (1) . First detected in urban American chestnut trees in the New York Zoological Garden in 1904, the disease spread at the rate of about 40 km per year, reaching the most southern and western limits of chestnut's continuous range within 50 years (2) . In the aftermath of the disease, recurring groups of vegetative sprouts, which are equally susceptible to C. parasitica, continue to arise from the stumps of blight-killed trees. These sprout thickets, in turn, perpetuate C. parasitica infections, allowing the fungal populations to persist.
Cryphonectria parasitica populations show a high degree of geographic structure. Populations in certain localities appear to be highly clonal (3) , while others are more diverse and show evidence of recombination (4) . The fungus is able to reproduce sexually (5, 6) , and in nature, selfing and parasexual recombination are known to occur (7) . North American isolates were traced back to a Japanese origin using approximate Bayesian computation (ABC), despite relatively high genetic divergence between extant populations collected from the two countries (4) . This suggests that C. parasitica populations have quickly evolved in North America in the 20th century. ABC analyses also suggest that C. parasitica spread from North America to Europe, which is consistent with patterns of reported vegetative incompatibility (vic) genotype diversity (8) . Generally, populations of C. parasitica in North American localities have been shown to exist in multilocus linkage equilibrium (4) , and sexual structures are readily observed on infected trees.
Since the extensive loss of American chestnut, several different strategies for restoration have been attempted, including backcross breeding (9) , the incorporation of heterologous resistance genes through transgenic technologies (10) , and the release of virulence-attenuating hypoviruses. The release of hypoviruses into pathogen populations has the potential to limit the ecological destruction of C. parasitica (11) but requires the genetic compatibility of donor and recipient. Hyphae of strains that contain the same alleles at the six known diallelic vic genetic loci typically freely fuse and support virus transmission. In contrast, hyphae of strains that contain allelic differences at one or more of the vic loci typically undergo incompatible reactions that result in cell death and restriction of virus transmission (12, 13) .
Traditionally, vic genotypic diversity was determined by pairwise coculturing of isolates on potato dextrose agar (PDA) and visually assessing plates for the presence or absence of a barrage, a tight zone of cell death that indicates incompatibility (14, 15, 16) . Cortesi and Milgroom (17) described 64 European (EU) tester strains with genetically elucidated six-locus vic genotypes that subsequently have been used to more precisely determine multilocus vic genotype diversity in population studies in North America (8, 16) and Europe (14, 18, 19, 20) . While highly valuable, the use of the tester strains to asses vic genotype diversity and population structure through culture-dependent assays is a time-consuming task requiring, among other things, well-maintained in-house EU tester strains. In addition, interpreting barrage reactions of various intensities can be highly subjective.
C. parasitica population structure has been assessed using several molecular markers, including restriction fragment length polymorphisms (RFLPs) (21, 22) , sequence-characterized amplified regions (SCARs) (23, 24) , microsatellites (simple sequence repeats, or SSRs) (4, 25, 26) , and partial (4-locus) vic genotypes (27) . Molecular tools for rapid and precise determination of vic genotypic diversity would be useful not only for population structure analysis but also for predicting and evaluating the impact of hypovirus release on blight control (18) . The six vic loci shown through genetic means to be involved in compatibility recently have been mapped and sequenced (28, 29) . The loci differ either in gene content, sequence similarity, or both, making them prime targets for relatively simple PCR assays to distinguish the alleles/ idiomorphs.
The objectives of the current study were to (i) design PCR primers which selectively amplify individual alleles/idiomorphs at each of six genetically defined vic loci, (ii) validate the primers with the panel of 64 EU tester strains, (iii) use the PCR assays to characterize vic diversity within five previously sampled North American populations of C. parasitica, and (iv) assess the relationships between culture-dependent incompatibility assays and molecular vic genotyping assays.
MATERIALS AND METHODS
Fungal strains and growth conditions. The 64 European tester strains with genetically determined vic genotypes developed by Cortesi and Milgroom (17) were provided by Michael Milgroom (Cornell University). One hundred sixteen C. parasitica isolates were collected from five different field locations between 1977 and 2014 (see Table S1 in the supplemental material). The field locations included Great Smoky Mountains National Park, TN (GS); Pendleton County, WV (PC); Shenandoah National Park, VA (SH); Tucker County, WV (TC); and West Salem, WI (WS). Mating type and traditional coculturing incompatibility assays to study vic diversity previously have been published for a subset of isolates from the Great Smoky Mountains National Park, TN (30), Tucker Co., WV (31, 32, 33) , and West Salem, WI (5, 16, 34) . Fungal isolates were cultured on Difco potato dextrose agar (PDA; BD and Co., Franklin Lakes, NJ, USA).
For fungal isolations, colonized bark plugs from active chestnut cankers, indicative of infections of C. parasitica, were collected using a bone marrow biopsy tool. Bark plugs were surface disinfected in 5% sodium hypochlorite for 14 min, transferred onto glucose yeast extract agar (GYE) containing streptomycin (Sigma-Aldrich, St. Louis, MO, USA) and tetracycline (Fisher Scientific, Pittsburgh, PA, USA), and grown at ambient temperature following a 16-h light/8-h dark cycle. For long-term storage, cultures were transferred to PDA slants and maintained at 4°C or permitted to colonize Whatman GF/A 60-mm glass microfiber filter paper (GE Healthcare Bio-Sciences, Pittsburgh, PA, USA) and placed in individual coin envelopes for storage at Ϫ20°C. To revive cultures from long-term storage, subcultures from PDA slants or pieces of glass microfiber filter paper were excised and placed onto PDA plates. Single-conidium subcultures were grown as needed.
Cocultured vegetative incompatibility assays were performed by pairing a C. parasitica strain of interest with EU tester strains with the same PCR-determined six-locus genotype on agar medium amended with bromocresol green pH indicator dye as previously described (16) .
DNA was extracted from C. parasitica isolates after transfer to Difco potato dextrose broth (PDB; BD and Co., Franklin Lakes, NJ, USA) and incubation for 10 days. Mycelia were harvested, dried between filter papers, and transferred to 1.5-ml Eppendorf tubes. Genomic DNA was extracted using a Wizard kit (Promega, Madison, WI, USA). DNA was suspended in 75 l Tris-EDTA (TE) buffer preheated to 65°C.
Primer design and nucleic acid manipulation. Six different PCR assays were designed using Primer3 (http://biotools.umassmed.edu/bioapps /primer3_www.cgi) and Integrated DNA Technologies OligoAnalyzer 3.1 (https://www.idtdna.com/calc/analyzer) to selectively amplify one of two alleles present at six vic loci (Table 1) . Primer sites were chosen based on unique insertion-deletion polymorphisms (indels) and single-nucleotide polymorphisms (SNPs) present in previously published reference sequences (NCBI GenBank accession numbers are in Table 2 ). For vic1 to vic6, nucleotide sequences were downloaded directly from GenBank and (Fig. 1) . Three-primer PCR assays contained a shared forward primer that annealed within a conserved sequence found within both alleles. All PCRs were performed using primers (Integrated DNA Technologies, Coralville, IA, USA) and BioLine PCR kits (Bioline USA Inc., Taunton, MA) in 26-l reaction mixtures containing 1 l genomic DNA, 10 l nuclease-free water, and 12.5 BioLine PCR master mix. In threeprimer assays, 0.83 l of each primer at 10 pmol was used, whereas in four-primer assays, 0.625 l of each primer at 10 pmol was used. Thermal cycling profiles were 95°C for 2 min, 34 cycles of 95°C for 30 s, the respective annealing temperature for 30 s, 72°C for 105 s, and then a final extension of 72°C for 10 min. Optimal annealing temperatures for the six PCR assays were the following: vic2, vic3a, vic4, and vic7, 60°C; vic6, 64°C; and vic1a, 65°C. For gel electrophoresis, 4 l of 1ϫ SYBR gold (Invitrogen, Grand Island, NY, USA) and 4 l of 5ϫ loading dye (5Prime, Gaithersburg, MD) were added to PCR products, which then were loaded onto a 1.5%, wt/vol, agarose gel (Amresco, Solon, OH, USA) made with 0.5% Tris-borate-EDTA buffer (Amresco, Solon, OH, USA). Electrophoresis was performed at 115 V for 1 to 2 h, and bands were visualized on a UV transilluminator (Syngene, Frederick, MD, USA). For size comparison, 100-bp and 1-kbp molecular ladders (Omega Bio-tek, Norcross, GA, USA) were included in gels. Representative PCR amplicons were Sanger sequenced with the same primers used for PCR (Eurofins, Huntsville, AL, USA). Multilocus vic genotypes were determined from gel images of the six PCR assays and compared with known multilocus genotypes of the 64 EU tester strains.
Nucleotide sequence accession numbers. The sequences described were submitted to GenBank under the accession numbers given in Table 2 .
RESULTS
The multilocus PCR assays designed in this study produced clearly distinguishable vic allele-specific amplicons of the expected size from DNA isolated from individual EU tester strains (Fig. 2) . The vic genotypes determined by PCR for all 64 EU tester strains were in complete concordance with the genetically determined vic genotypes (17) . Representative amplicons specific for each of the six vic loci were sequenced. BLASTn searches of the NCBI GenBank nr databases found 99 to 100% maximum identity matches with the expected C. parasitica reference vic allele sequences deposited for C. parasitica strains EP155 (EU-5 and 2211-22), EP146 (EU-17 and 2112-11), and EU-55 (1221-22). On occasion, nonspecific amplification (double banding) was observed, but this was resolved by single-sporing the source culture prior to DNA extraction. These results validate the specificity and accuracy of the PCR-based molecular vic genotyping assay. The PCR assay also was used to survey vic genotypic diversity for C. parasitica isolates recovered from five field locations. A total of 39 six-locus genotypes were characterized out of 116 isolates across all sampling locations (Table 3) . vic genotype diversity profiles were highly variable across the five sampled locations. All sampling locations had one or more vic genotypes not found in other locations (Fig. 3 and Table 3 ). vic genotypes identical to EU-52, EU-09, and EU-21 were abundant but geographically restricted to one or two locations (Fig. 3) . Conversely, isolates with genotypes identical to those of EU-11 and EU-13 were recovered from four out of five sites, whereas genotypes matching those of EU-10, EU-15, and EU-28 were recovered from three of the sampling locations (Fig. 3) .
Comparisons between molecular genotype and vegetative incompatibility phenotype. The vic genotypic diversity determined by the PCR assay for the GS and TC sites were in good agreement with the previously reported diversity levels that had been determined by pairwise coculturing of all isolates recovered at those sites (Table 3) . To further examine the correlation between the PCR and coculturing assay results, a subset of the GS and TC isolates were paired with the EU tester strain predicted by the PCR genotyping results. Compatible reactions were observed for 26 of 26 GS and 26 of 28 TC isolates tested, indicating a high correlation between the PCR-predicted genotype and the physical compatibility phenotype ( Fig. 4A ; also see Table S1 in the supplemental material). Among the compatible reactions, 4 of 26 GS and 5 of 28 TC isolates formed a visible line of demarcation at the zone of interaction, reflective of differences in colony morphology of the paired strains. This interaction was defined as a "liner" (Fig.  4B ) and did not result in pycnidial formation, a hallmark of the FIG 2 Gel electrophoresis visualization of amplicons produced by the six PCR assays using a panel of EU tester strains of Cryphonectria parasitica representative of all 12 alleles. Wells 3 to 14 correspond to tester strains EU11 (vic1a-1), EU1 (vic1a-2), EU8 (vic2-1), EU1 (vic2-2), EU4 (vic3a-1), EU39 (vic3a-2), EU15 (vic4-1), EU4 (vic4-2), EU10 (vic6-1), EU8 (vic6-2), EU8 (vic7-1), and EU4 (vic7-2); wells 1 and 15 contained a 100-bp ladder; wells 2 and 16 contained a 1-kb ladder. Amplicons in wells three and four were generated with primers vic1a-F, vic1a-1R, and vic1a-2R; amplicons in wells five and six with vic2-F, vic2-1R, and vic2-2R; amplicons in wells seven and eight with vic3a-1F, vic3a-1R, vic3a-2F, and vic3a-2R; amplicons in wells 9 and 10 with vic4-F, vic4-1R, and vic4-2R; amplicons in wells 11 and 12 with vic6-1F, vic6-1R, vic6-2F, and vic6-2R; and amplicons in wells 13 and 14 with vic7-F, vic7-1R, and vic7-2R. incompatible reaction (Fig. 4C) , and illustrates the subjective nature of the cocultivation assay. In contrast to the results for the GS and TC sites, the PCR assay indicated significantly lower diversity than the coculturing assay for the WS site population (Table 3) . Field isolates were recovered annually from WS beginning in 1994. All isolates collected between 1994 and 1998 belonged to the same cocultivation compatibility group represented by strain WS-1. Isolates of a second compatibility group, represented by strain WS-2, were isolated in 1999. Additional compatibility groups then were identified in subsequent years (see Table  S1 in the supplemental material) and are represented by WS-3 through WS-15. These representative WS tester strains were used annually to assign collected field isolates to the respective compatibility groups. Strains WS-1, WS-2, WS-3, and WS-4 were reported not to be compatible with any of the 64 EU tester strains (5).
As indicated in Table S1 in the supplemental material, a number of the different WS tester strains were found to have the same molecular six-locus genotypes, a primary example being that six isolates (WS-1.Bock, WS-4, WS-6, WS-11, WS-1.1663-5, and WS-1.1405) all were identified by the PCR assay to have a genotype identical to that of tester strain EU-52 (1221-12). An eight-byeight pairing matrix utilizing fresh single-spore cultures was implemented in order to reexamine vegetative compatibility among these WS isolates and with EU-52 ( Table 4) .
The three WS-1 strains were found to be compatible, rather than incompatible, with WS-4 and WS-6, whereas WS-11 was incompatible with each of five other strains (Table 4 and Fig. 4) . Further investigation revealed that the WS tester strains had not been subjected to pairwise coculturing following the initial designations beginning in 1999 (Mark Double, personal communication). The general protocol for annual characterization of WS field isolates was to first pair with WS-1, WS-2, and WS-3 testers (representing the majority of compatibility groups present at WS) and then, if incompatible, to pair them with WS-4 through WS-15 tester strains. Thus, compatibility between strain WS-1 and strains WS-4 or WS-6 through common compatibility with a third isolate would not have been observed.
Five of the six isolates, all with PCR-determined vic genotypes of 1221-12, were not compatible with two independently maintained EU-52 (1221-12) tester strains (see Table S1 in the supplemental ma- terial). Only WS-11 showed compatibility with the two EU-52 tester strains ( Fig. 4 ; also see Table S1 ). When the same single-spore culture was paired with itself, compatibility was always observed. The application of the PCR-based vic genotyping assay to the WS population illustrates how molecular genotyping can clarify our understanding of vic genetic structure and diversity while, in conjunction with the coculturing assay, uncovering evidence for contributions to incompatibility by factors, e.g., additional vic loci or alleles, outside the six genetically defined diallelic vic loci.
DISCUSSION
Hypovirus transmission and hypovirulence-based biological control generally are considered to be more effective in C. parasitica populations that are lower in vic diversity (1, 18, 35, 36) . The development of a collection of 64 EU tester strains that represents all possible combinations of the vic alleles at the six genetically defined diallelic vic loci by Cortesi and Milgroom (17) provided the means for more thoroughly examining this relationship (8, 16-18, 20, 37) . The vic genotyped tester strains also were instrumental in revealing vic allele-specific contributions to the frequency and symmetry of virus transmission (12, 13) and were crucial for comparative genomic studies that resulted in molecular identification of the six vic loci and associated genes (28, 29) . The molecular identity of the vic loci in turn allowed the development of the PCR-based vic genotyping assay described in this report.
The PCR-based assay provides a more rapid, less labor-intensive, and more cost-effective alternative method for determining vic genotype than the cocultivation assay. The vic genotypes of all 64 EU tester strains that were determined by genetic means (17) were confirmed by the PCR-based assay. In addition, 39 six-locus vic genotypes were identified in a collection of 116 isolates across five locations. Similar levels of vic genotypic diversity were observed for most sites in which both the cocultivation and PCR assays were applied. Concordance between the two assays was previously reported for four vic genes in 26 field isolates from North America and Europe (28) and was demonstrated for all six vic loci for 52 of 54 isolates from two field plots (GS and TC) in this study. However, examples of incongruences between the two assays were observed at the WS site.
West Salem is geographically distant from the presumed point of introduction of C. parasitica in North America and lies outside the contiguous range of American chestnut. Chestnut blight in WS was first detected in 1992 (34), which is approximately half a century after the spread of C. parasitica to the limits of the native range of American chestnut. As expected, retrospective molecular vic genotyping of isolates collected during the first 20 years of disease development revealed extremely low genotypic diversity compared to that of other sites within the contiguous range of chestnut, especially during 1994 to 1998, when only one genotype was observed in WS. This likely reflects a founder effect due to the invasion of a single vic genotype: 1221-12 (identical to EU-52). In support of this hypothesis, the six vic locus genotypes for isolates collected after the year 2000 can be explained by recombination (4) between the two earliest observed genotypes, WS-1 (1221-12) and WS-2 (2212-11) (see Table S1 in the supplemental material).
The observation that five WS strains with molecular genotypes determined to be 1221-12 were incompatible with tester strain EU-52 (1221-12) is particularly interesting. In this regard, several recent vic genotyping surveys in Asia and Europe have reported the recovery of field isolates that were not compatible with any of the 64 EU tester strains (18, 19, 37) . For example, in coculturing assays with isolates from Asia, the presumed center of diversity of C. parasitica, only 3 of 71 types were compatible with the 64 EU testers. Further, none of the 54 tested isolates from China were compatible with EU testers (37) . Studies in Europe by Robin et al. (18) have formally proposed additional EU testers 65 to 74, based on barrage formation on PDA amended with either amaranth or bromocresol green. Interestingly, Peters et al. (20) recently demonstrated that proposed EU tester strains 65 to 74 had one of two known alleles at vic2, vic4, vic6, and vic7 by DNA sequencing. The combined results suggest the possibility of additional vic alleles or loci (37) and/or the presence of additional Cryphonectria species that are morphologically indistinguishable from C. parasitica (38) . It is possible that the set of primers developed in the current study was unable to distinguish additional possible functional allele(s) of the six vic loci investigated. The PCR vic genotyping assay, the molecularly confirmed EU tester strain collection, and the comparative genomics strategy for identifying vic gene sequence heterogeneity (28, 29) provide the means for determining the full extent of the C. parasitica vic genetic structure. This observation also illustrates the value of using the coculturing assay to augment the PCR-based assay to monitor correspondence between vic genotype and phenotype.
It is anticipated that the PCR-based vic genotyping assay will find broad application in research on C. parasitica population biology and management strategies. The ability to rapidly survey vic genotype diversity in field settings will allow for baseline characterization of recipient C. parasitica populations and assessment of the impact of hypovirus release on genotypic diversity over time. It should be of considerable utility in current efforts to combine C  C  I  I  I  C  I  I  EU-52.WVU  C  C  I  I  I  C  I  I 
